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weight-lifting exercise; blood pressure; static contraction; small versus large muscle mass; Valsalva maneuver SEVERAL STUDIES HAVE NOW demonstratedthatregular resistance training or weight lifting is associated with ventricular wall hypertrophy (11, 12, 14, 20) . Such findings are considered to be a normal adaptation to a systemic pressure overload induced by such exercise.
Although a number of investigators have recorded marked elevations in blood pressure in response to submaximal static exercise (2, 9, 10, 17), changes in blood pressure during maximal dynamic contractions, as in weight lifting, are not known. The purpose of this study was to directly record the hemodynamic response in experienced body builders to a typical weight-training session. A secondary purpose was to examine the effects of exercises involving different active muscle masses upon the magnitude of this response.
METHODS
Five healthy male volunteers (22-28 yr) served as subjects. All were experienced body builders and were fully informed of the purposes of the study and the associated risks in accordance with the institution's ethics committee.
The left brachial artery of each subject was cannulated under local anesthesia with a 24-gauge Angiocath that was connected to a pressure transducer (Bell and Howell, Pasadena, CA) as illustrated in Fig. 1 . The response of the transducer was verified to be linear within the range O-500 mmHg, and the system was statically calibrated against an Hg manometer by means of a calibration syringe. In addition, the system was dynamically calibrated by using square-wave pressure signals that were rapidly switched into the arterial line. These signals were then critically damped by adjusting the height of an air column in a section of low-compliance tubing inserted into the line (Fig. 1) . Arterial blood pressure was constantly recorded on a strip chart for each subject throughout 90 min of heavy weight training. For each exercise, the height of the pressure transducer was adjusted to midsternum level. Heart rate (HR) was derived from the systolic pressure traces. Since it was anticipated that possible Valsalva maneuvers would affect blood pressure results, intrathoracic pressure was recorded as mouth pressure during the lifts. This was accomplished by teaching the subjects to exhale through a modified mouthpiece against a column of Hg instead of completely closing their glottises.
Among the weight-lifting exercises which subjects performed were single-arm curls and overhead presses with the noncatheterized arm and both double-and single-leg seated leg presses. The curl exercise was done with free weights on a curl pedestal that supported the upper arm, whereas the other exercises were performed on a Universal Gym apparatus. In each exercise, repetitions were performed to the point of concentric contraction failure in successive sets with 80, 90, 95, and 100% of the maximum single lift (1 RM) as determined on a previous occasion. A recovery period of 2 min was allowed after each set. 
RESULTS
Typical blood pressure traces in two subjects in response to the double-leg press are presented in Fig. 2 . It can be seen that with the initiation of each lift there is an extreme elevation in both systolic and diastolic blood pressure which persists for the -2-3 s required to raise the weight. As the weight is lowered, both systolic and diastolic pressures decline rapidly towards preexercise levels. It is also evident that pressures reach progressively higher levels with each subsequent repetition, so that the highest peak recordings occur during the last completed repetition prior to the point of failure. Immediately following the last repetition, both systolic and diastolic pressures fall below preexercise values (Figs. 2B and 3) before returning to normal after -10 s. Although the highest absolute pressures (480/350 mmHg in 1 subject) occurred with the double-leg press, the pattern was similar for each type of exercise.
Typical mean blood pressure and HR responses to leg presses to failure at 95% 1 RM are illustrated for a single subject in Fig. 3 . Mean pressure was estimated as the diastolic pressure plus one-third of the pulse pressure and based on the arithmetic average of the three highest and three lowest systolic and diastolic traces for each repetition. In this subject, mean pressure reached a peak of -350 mmHg during the last repetition and declined to ~50 mmHg immediately following the last attempted repetition.
Heart rate increased over the time of the exercise to a maximum of 166 beats/min.
The mean maximal values for systolic and diastolic blood pressure for all five subjects, in response to various exercises, are illustrated in Fig. 4 . Pressures reached higher values when lifts at 95% 1 RM were continued to failure than when a single maximum lift (100% 1 RM) was performed. The peak pressure response when a relatively small muscle mass was employed (as in a singlearm curl) was still extremely high, although less than elicited by either a single-or double-leg press. Subjects did not exhibit obvious Valsalva maneuvers unless performing lifts at 100% 1 RM or during the latter repetitions with the lighter weights as they approached the point of failure. At these times, mouth pressures were usually 30-50 mmHg and at no time exceeded 70 mmHg.
To determine the effect of the Valsalva maneuver alone on blood pressure, the subjects seated at rest were instructed to make a maximal expiration against a column of Hg and to maintain it for -5 s (Fig. 5) . The mean mouth pressure for the five subjects during this maneuver was 130 t 11 mmHg, and this resulted in an elevation in blood pressure from a mean of 135 t 5/90 t 3 to 190 t 8/170 t 8 mmHg. HR ranged from -102 beats/min between sets to peak values of -170 beats/min during actual lifting. The average HR for the five subjects over the -90-min session was estimated to be 110 beats/min. Over this same time the average mean blood pressure was estimated to be -131 mmHg.
diastolic systemic blood pressures. To our knowledge, values of this magnitude have never before been recorded.
The accuracy of direct blood pressure measurement using a fluid-filled transducer-tubing system has been recently investigated (5). Such variables as the compliance of the system, the inertance of the fluid moving in the system, and the friction between the tubing and the fluid moving in it can combine to cause an underdamped system. For this reason we utilized a damping device (Fig. 1) so that the system could be critically damped. DISCUSSION Our results indicate that lifting of heavy weights results in up to a fourfold elevation in both systolic and
We are thus confident that the pressures which we recorded have not been falsely elevated by measurement artifact. In fact, the actual systolic values were probably slightly higher than those which we report, since we damped the system with a calibration signal which was more rapid than a typical pulse pressure signal (Fig. 1) .
It is known that when a skeletal muscle performs static contractions at increasing percentages of its maximal voluntary contraction force (MVC), the intramuscular mechanical compression eventually becomes such that muscle blood flow is occluded. Measurement of the point at which local blood flow becomes impeded by the con- 
Leg press
Leg press WI PSS (1 am traction ranges from -40 (6) to 60% MVC (4) and varies considerably between muscles (13). Up to this point, blood flow is maintained by a marked pressor response which serves to adjust perfusion pressure in relationship to the increasing intramuscular pressure. The mechanisms that activate and control this response are not fully understood and have been the subject of recent review (1, 15, 16, 19) .
Weight lifting, as in the present study, involves maximum or near-maximal concentric contractions lasting -1-2 s (while the weight is being raised) followed by eccentric contractions of a similar duration (while the weight is being lowered). As subsequent repetitions are performed, the duration of the active phase of the lift increases and may require 2-4 s as the subject approaches failure. The exercise thus resembles a series of nearmaximal static contractions interspersed by relaxation of that particular muscle group. We interpret the extreme elevations in blood pressures caused by this form of exercise to be the result of a combination of the mechanical compression of the contracting muscles, the accompanying pressor reflex as occurs in static contractions, and (during maximal lifts) the superimposition of an elevated intrathoracic pressure caused by the Valsalva maneuver.
h4echanicaZ compression. We can only speculate as to the actual intramuscular pressures caused by lifting heavy weights in this study. Certainly with the leg-press exercise, where several hundred kilograms were lifted, they must have been extremely high. Intramuscular fluid pressure with forceful isometric contractions has recently been measured in human quadriceps as high as 570 Torr (US), and some authors have reported values of 1,025 Torr (21) in this muscle group, during a maximal voluntary contraction. Since it is known that full occlusion of muscle blood flow occurs with this degree of effort, we can conclude that pressures exceeded 350 Torr and were probably much higher. Since contraction of a larger muscle mass would exert compression on a greater proportion of the vasculature, one would expect that the elevation in blood pressure caused solely by mechanical compression of vessel walls would be proportional to the size of the active muscle mass (17) as well as the absolute force of the contraction. This is partially substantiated by our finding that highest pressures occurred with the double-leg press and lowest with the single-arm curl (Fig.  4) . However, compression of blood vessels cannot be the major cause for the extreme elevations in pressure that were found, or one would find a more direct relationship with increasing active muscle masses. That is, blood pressure would have been proportionally much higher when maximal leg presses were performed with two legs than with one leg.
As the subject performs more repetitions and begins to fatigue, it is probable that he recruits additional motor units as well as increasing the involvement of accessory muscles. This would result in a progressive increase in active muscle mass and may in part account for the progressive elevation in systolic blood pressure observed with each repetition (Figs. 2 and 3) .
The rapid decline in pressures with each eccentric phase of the lift is interesting, since one would expect the absolute force of contraction to be the same when lowering the weight as when raising it. However, since it is known that muscles are stronger when contracting eccentrically, the degree of muscle excitation during this phase of the lift would be smaller than during the concentric phase (3). It is thus apparent that the blood pressure response is more dependent on the degree of effort or percent of MVC than on the absolute mechanical force developed.
sponse to weight lifting.
Finally, the degree to which possible contractions in the catheterized arm might have affected results is not known. We thus recognize that measurement of arterial pressure at this site may not accurately reflect pressures throughout the systemic circuit. However, since subjects were not allowed to grasp any part of the apparatus with the nonactive hand, we feel that even if such contractions occurred they would not have been forceful enough to have a major effect on our results. This conclusion is supported by the fact that the pressure traces indicate well-preserved waveforms; this would probably not have been the case had they been falsely elevated by compression or spasm within the brachial artery.
The rapid drop in blood pressure immediately after exercise (Figs. 2 and 3) is probably caused by the sudden perfusion of a large vasodilated muscle mass which was previously occluded, as well as by a transient pressure undershoot initiated by baroreceptor and cardiopulmonary reflexes responding to the extreme elevation in pressure with the last repetition. This is the likely cause of the temporary feelings of faintness or dizziness that subjects often experience immediately following heavy lifting.
Pressor response. The immediate increase in blood pressure which occurs with a forceful static contraction is largely the result of an increased cardiac output (Qc) and to a lesser extent a reflex vasoconstriction in vascular beds other than those of the exercising muscles (2, 15, 19). The increase in &c with static contractions is thought to be exclusively due to increased HR, since stroke volumes (SV) tend to decrease with this form of exercise (2, 10, 19), presumably due to an impaired venous return.
A second plausible explanation for this condition is that it is due to a cerebral vasoconstriction accompanying the hypocapnia caused by hyperventilation during the exercise. We investigated this possibility by monitoring end-tidal CO2 partial pressure (Pco~) in four subjects during the leg-press movement. Our data (Fig. 6) indicated that although the subjects did hyperventilate during the lifting (with end-tidal PCO~ ~30 Torr in some subjects), 2 s after completion of the exercise they were actually hypercapnic, with end-tidal PCO~ reaching almost 50 mmHg after 20 s of recovery. We thus conclude that the faintness commonly experienced by weight lifters 5-10 s postexercise is not caused by cerebral vasoconstriction because of hypocapnia.
The authors accept that the general relationship between the magnitude of the pulse pressure and SV may not apply under such extreme conditions as in the present study. However, if it does, inspection of pulse pressures during contraction (Figs. 2 and 4) suggest that SV is considerably higher than at rest in spite of large increases in peripheral resistance. This is not the case for a prolonged static contraction or with the Valsalva maneuver alone (Fig. 5) . One interpretation could be that the forceful contractions interspersed with a relative relaxation in this form of exercise provide a powerful muscle pump which serves to enhance ventricular filling pressures and venous return. The extreme increases in blood pressure with weight lifting may thus also be due to an increase in both HR and SV as well as vasocontriction in nonexercising areas. The progressive increase in HR which is seen as subsequent repetitions are performed probably also contributes to the progressive increase in blood pressure found with each repetition (Figs.  2 and 3) .
Vdsalua maneuuer. The validity of using buccal pressure (with glottis open) as a measure of intrathoracic pressure has been previously established in subjects performing a strain or cough type of maneuver (7). Again, however, we do not know whether this relationship holds during the weight-lifting exercise in the present study. Despite this, our results show that the Valsalva maneuver alone can produce substantial rises in systemic blood pressure (Fig. 5) . It is thus evident that a portion of the increase in blood pressure that occurs when a subject performs a single maximal contraction or lifts a submaximal weight to failure can be directly attributed to the increased intrathoracic pressure generated by the Valsalva maneuver.
It has been shown that this increase in intrathoracic pressure with the Valsalva maneuver is directly trans-
Recovery
The possible involvement of a reflex pathway that originates in skeletal muscle and chemically effects the pressor response to forceful isometric contractions has been suggested by some authors (17). The magnitude of the change in blood pressure in the present study and the rapidity by which the response occurs and then declines with the eccentric phase of the lift suggest a minimal role for such a mechanism in the nressor re- mitted to the cerebrospinal fluid so that cerebrospinal pressure increases to match that in the thorax and abdomen (7). This may represent an important protective mechanism by reducing transmural pressures across cerebral vessels and thus reducing the risk of vascular damage under the extremes of pressure encountered with this form of exercise. It is also probable that the cardiac compression caused by a rise in intrathoracic pressure would assist the heart in maintaining or augmenting SV despite extreme peripheral resistance. Unlike the situation where the Valsalva maneuver is performed at rest (Fig. 5) , the powerful muscle pump provided by this form of exercise is apparently sufficient to overcome this pressure and provide adequate diastolic filling. Thus, although some of the increase in blood pressure which occurs when lifting heavy weights is caused by the subject performing brief Valsalva maneuvers, the process may serve an important protective function for the heart and
